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JULIE. and the minimum explosive source levels requized in EER.
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During recent studies of the broad subject of explosive
echo ranging (EER), a number of individual problems have arisen.
These problems have varied from the general one of the form of
sonar equation to use in prediction for short transient sound
sources, to the specific one of the characteristics of the energy
spectrum of a series of explosive pulses, and have included such
practical matt~rs as the best depth for exploding the charge in
deep-water EER. The present report is a compilation of a number
of such short studies aimed at clrifying some of the puzzling
problems peculiar to EER. The work was done under WepTask RUDC-
2B-000/212-1/FOOI-13-002, EER Research, and will be of interest
to those concerned with explosive echo ranging or the underwater
propagation of explosive pulses.

W. D. COLEMAN
Captain. USN
Commander

Z. I. SLAWSKY
By direction
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EqE

A The Sonar Equations for Short Yrjnsients ...........

A generalized form cf the sonar equations
applicable to EER is pre.-nted. The startino
point is the enerqg, Jcns ty of tho source, and
the equations may be used for preliction
purposes for any short transient, reqardless of
waveform., having a spt-itied spectrum energy
density level. The new so nar equations are
similar in form to the .:ell-known intensity
equations, but contain echo duration as a
sonar parameter.

!I. Energy Spcctrum of a Series of Exponential Pulses... 9

The principal features are outlined of the
energy spectrum of a number of repeated exponen-
tial pulses, such as that produced by a number of
sequentially detonated explosive charges, or a
regularly repeated underwater spark. The line
components in the spectrum have a half width
equal to the repetition frequency divided by the
number of pulses.

III. Echo-to-Rev.rberatton Ratios in EER ................ 1

Simple expressions for the EER echo-to-
reverberation ratio are obtained and applied to
the problem of echo and surface reverberation
levels for a deep non-directional charce and
receiver. It is predicted on the basis of 60 kc
surface scattering coefficients that the echo
should be detected in reverberation only in
moderately low sea states. Better performance
may be expected at. lower frequencies, but pre-
diction of the extert of imoroverment, if any,
must awa'. . some knowledge of sea surface
scattering at lower frequencies.
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GQNTNTS (CON.)

IV. The Reverberation Problem in Deep JULIE ............. 14

Surface reverberation arriving via the
"reliable" acoustic path will be the limiting
background for target echoes in the Deep JULIE
system when reverberation arriving via near-
vertical surface-bottom paths is eliminated
through vertical directionality. In an attempt
to assess the range limitation imposed by this
form of background, predictions of range perform-
3nce are made by using new low-frequency scatter-
Ing coefficients. Estimates are given for the
limiting percentage of submarine targets in North
Atlantic waters likely to be detected by Deep
JULIE without horizontal directionality. These
predictions will be useful in deciding whether oi
not to Include multiple narrow horizontal beams
in the system.

V. Depth Settings for EERCharges.,,,,,,,,,,,.,,,,, 17

The choice of best charge depth for JULIE
EER is evaluated in terms of sound transmission.
It is concluded that an 800 ft depth setting is
preferable to a 300 foot settinq. A shallow depth
setting, such as 60 ft. should be retained for use
against an unalerted target in a thick mixed layer.

VI. Explosive Source Levels Required for EER............ 20

A certain minimum amount of explosive sound
energy must be radiated in order to obtain a
detectable EER echo under the moct favorable
circjmstonces. In this note, this minimal energy
is obtaintd as a function of range, and various
charge we!Lghts of TNT and a number of novel sound
sources are compared with what is needed for EER
in devp wat;*. It is found that all such develop-
mental sources are much too weak, energy-wise, to
produce detectable echoes out to the range of the
bottom-return in deep water.
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I

THE SONAR EQUATIONS FOR SHORT TRANSIENTS*

1. This is a report on a new form of the sonar equations apli-
cable for prediction purposes to EER. They are also useful for
transients like a decaying sinusoid or a pulse of irregular
envelope, and are an extension of the ordinary sonar equations
now widely used for performance prediction in systems analysis
and design.

2. The cuttomary sonar equations appear in Table I. Here I is
the outgoing intensity level at one yard from the source on ?ts
axis; (TL)E is the transmission losses for the echo, with spheri-
cal divergence without dbsorption assumed for the reverberation;
DTN and DTR are the threshold signal-to-background ratios for
noise and reverberation; V and A art the reverberating volume
and area, respectively; * and 0 are the ideal solid-angle and
plane-angle beamwidths of the source-receiver combination. to

s the pulselength produced by the source. Other symbols have
their normal significance.

3. These equations are in intensity units. They imply (1) that
the me-an intensity is constant over the duration to of the pulse
and (2) that steady-state state conditions exist. The second
condition means that the transmission loss is that applying to
CW, such that all paths to and from the target have time enough
to contribute to the intensity of the echo.

4. These conditions do not apply for transient underwater
sounds like the short spike produced by an explosive. Here the
mean intensity, or average rate of power flow is definable only
in mathematical sense. Moreover, this mathematical definition
of I and to appli.. only close to the source, where the exponen-
tial form P - Poe-t/to is followed. At longer range, distortion
of pulse shape occurs due to multiple paths and absorption, and
the intensity, averaged over the duration of the pulse, is made
ambiguous by the effects of the medium and the target.

5. These considerations require us to have another look at the
equation when dealing with transients of indefinite waveform.
Obviously we must seek a redefinition based on enemqy rather
than on rt of enargy flow. The reason for this is that the
energy of a sound wave may be suspected tobe a conservative

*Paper presented at the November 1961 meeting of the Acoustical
Society of America. Cincinnati, Ohio.
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TABLE I

INTENSITY FORM OF THE SONAR EQUATIONS

Noise Background

10 - 2(TL)E + T w N + DTN DIN

Reverberation Background

I0- 2(TL)E + T a RL + DTR - DIR

Volume RL v I " 40 log r + Sv + 10 logV

RevV ( 2  _,.0

Surface RL m1 - 4 0 , 1og r + S$ 10 log A

Rev 5 0 )
2

2
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quantity to which we can apply the ord'nary steady-state trans-
mission loss; absorption may be applied to it directly in its
ordinary sense of a coefficient, without complications. While
the mean intensity of a transient like a decaying sinusoid, can
be stated only in a mathematical way, and is affected by propa-
gation in a complicated way, the total acoustic energy radiated
by the source is usually defined, and follows simple conserva-
t on laws when propagated in the sea.

6. In seeking a formulation on an energy basis, one must pause
to consider what is being implied in the sonar equations. On
the left side of the equality is the intensity or energy of
echo; on the right is the background which just masks the echo.
In the intensity form, the equations say that the (intensity)
level of the echo is equal to the (intensity) level of the back-
ground which just masks it. As an equality of energy, the
expressions must state that the energy of the echo equals the
energy of the masking background. This latter energy must be
the energy of the masking background taken over the duration of
the echo. Hence we have thc equality:

Echo Energy r Paskino Background Intensity x Echo Duration

This equality is a concise statement of the sonar equations in
terms of energy. If we expand both sides of the equality in
symbols, we get

Noise Case:

E0 - 2(TL)E + T z N + 10 log te + DTN - DIN

Reverberation Case:

E0 - 2(TL)E + T = RL + 10 log te + DTR - DIR

Here Eo is the axial source energy lcvel at unit distance; (TL)E
is the ordinary long-pulse steady-state transmission loss for
the echo; T is the ordinary long-pulse steady-state target
strength, te is the echo duration; N and RL are the noise and
reverberation (intensity) levels; DTN and DTR are the ordinary
signal-to-noise ratios as required for the function that is
being considered (detection, classification, etc.); DIN and DIR
are the directivity indices against the prevailing background of
noise or reverberation.

7. For transienc underwater sounds, the reverberation level RL
requires further consideration. In the steady-state (intensity)
cate, the reverberation is conceived to arise from a reverbera-
ting volme or area defined by the beamwidth and range

or Or) and the emitted pulselength (ct)'. In the transient

3
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case, where no clear pulselength exists, we must make a new
approach to reverberation in order to find the appropriate exten-

sion in range of the reverberating volume or area.

8. Consider volume reverberation. A transducer at P emitting a
short transient receives at some later instant the reverberation
coming from a small volume dV located at range r, as shown below:

P

A r 2

Aur2
d%, r dr

Let us assume that straight-line propagation with no absorption
applies. The intensity of reverberation die, measured at one
ard from the scattering volume dV, is related t- the intensity

i incident upon it by

dir a 6v . i1  dV,

where the scattering strength 5v is related to the proportionality

constant tv by Sv - 10 log ev .

But dV a A • dr a 4r2dt ' 1r2 . L

where dt is an infinitesimal tiite intttva of the incident
transient wve. The instantaneous reverberation intensity back
at the source is

i r • - 6,+r"' , f io v

r

where I Is the instantaneous Lntensity &' Ve emitted transient
measureo at the referencv dlstince. But t'he Integral ' ftdt is
the energy of the emitted trarit"n' so ,hat, on convertfnq to
decibel itnits, we obtain

RL+ - 40 Log r * 1C Io , 4r )

where 40 lol r lb the transmissicn lost for revertrotion under
the assumption of strai.ht-line paths withcut *k.sortkon.

9. In essentially the sate miwner. we may otain an xpiessonoi
for the rtverbrsetion from !he sea surncp or AotCCo . 'hts

4
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siallar expression is

RL a- E0 + St - 40 lng r + 10 log (Or)

With these expressions in hand. we can now write an expanded
statement of the energy equations similar to that of Table I.
This statement is given in Table II.

10. A comparison of the two sets of equations indicates that
they are identical except for the appearance of Eo instead of 10,and for the appearanie of 10 log te on the right-hand side ofthe energy equations. The reverberating volume and area becomes
defined by te instead of to; the extension in range of the rever-
berating volume or area is thus defined by the duration of the
echo instead of the outgoing pulse.

11. If the quantity 10 log te is transposed to the left-handside the energy equations become intensity equations in terms of
the mean intensity of the echo on the left, and with the rever-
beration or noise intensity on the right. In this latter form,
the relationships are perhaps more useful and meaningful because
we are accustomed, in acoustics, to deal with intensity (in
terms of the intensity of a sine wave of some reference r.m.s.
pressure) rather than with energy.

12. Some consideration should be given to the important quan-
tity,te. echo duration. This appears as a separate sonar para-
meter in the energy equations; also, it occurs implicitly in the
term DT. because it is the time available for signal processing.
This parameter is determined in part by the time duration of the
emitted transient and partly by the effects of the medium and
the target in producing an extension of the duration of the
emitted transient. Thus te can be written as the sum of three
terms: te = to + tm + tt for each of the three effhcts involved.
These are shown in Tdble III, together with some typical values
in each of two casts. For explosive echoes in deepwater at a
beam submarine aspect, te may be as small as, say. 10 mi lli-
seconds; for a sonar pulse in shallow water for a bow-on
submarine, te might be as large as 300 milliseconds. These are
by no means extremes, but merely indicate the extent to which
this parameter may vary. For short transients, te is deter-
mined by the effects of the medium and the target; for long
pulse sonar, te is often merely the duration to of the emitted
pulse. In this case we can write E I + 10 log to and
te to, and the energy equations o? Tabie II revert to the
intensity equations of Table I.

13. The quantity E0 is the source energy density level measured
at one yard. and expressed in decibels relative to somen energy
density referen-e. In analogy with intensity, which is referred

I
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TABLE II

ENERGY FCRM4 OF THE SONAR EQUAT IONS

Naito Coo*

E0 - 2( TL) E +T aNE+DT N 'DI N

NE- N 0 +410 log te Noise energy for the
duration of the echo.

Reverberation Case

E0 .2TL) E 4T -RE +DT R 'DIR

REV N A0 O 4 log r S * IC log V Reverberation
Volume c energy for the

V - duration of +h~e

(REa E " on log r * 10 lon A r everberation
Sufc 0ct Venergy for the

A -4 duration of the
4 echo.
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TABLE III

ECHO DURATION AS THE SUM OF THREE TERMS

TX2icAl V81u91, millislcondi

t0vduration of the emitted Explosives: 0.1
0 pulse at short ranges Son~ar: 100

t as duration produced by Deep Water: I
'~multiple paths Shallow Water: 100

t * uraton rodued y t~ Bem Asect
t u~inpouo y Be-StmnAspec00

targetBo-tr" 10
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to the intensity of a I dyne/cm
9  lane wave, we may refer Eo to

the energy density of a I dyne/cm plane wa. for a period of

one sacond; while its units may physically be, say. ergs per cm2 ,

we may avoid this by using the I dyre/cm2 plane-wave reference.
Also, Eo is also expressed as etergy Isect&rum level nr energy in
a 1 cps frequency band. For ordinary explosives, Eo has been
established by the work of Weston and Hersey, and is now well
known.

14. §Mmm,. In this note w, havv stated a form of the sonar

equ3tions that apply to EER as weil as to other types of active

sonars using transient waves. We have derived an energy formu-
lation of the basic equations that reduces to the ordinary in-

tensity formulation under steady state conditions (long pulses).
It involves a new sona- parameter -- echo duration -- which
aepends upon the source, medium and the target and which, for

long pulses, reduces to the pulselength emitted by the source.
For prediction 3urposes. the energy form of the equations must
be used whenever transients short enough to prevent the
occurrence of steady state conditions are used in active sonar
systems.

c r -s" T 4 r 1,,
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II

ENERGY SPECTRUM OF A SERIES OF EXPONENTIAL PULSES

1. In order to make a range computation in EER for a series of
explosivp pulses, we need to know the energy spectrum of afinite number n of repeated exponential pulses. This type of
waveform is illustrated in Figure ;. This is the waveform of a
repeated underwater spark discharge, and it is that of a number
of special charge designs being explored for EER.

2. As shown in the Appendix, the £nergy spectrum of this time
function Is I .1--inwT where w = 2'f, k is the

niw + k . 1 - e 'tw T
reciprocal time constant of each member of the exponential
series, and T is the interval between pulses. A diagrammatic
sketch of what the energy spectrum looks like is shown in
Figure lb. It will be noted that the sn,ovth continuous spectrum
of a single pulse, shown by the dashed line in Figure lb, is
replaced, for repeated pulses, by a series of spectral peaksoccurring at the repetition frequency I/T and its harmonics,
plus "satellite" peaks and nulls occurring between the mainpeaks. The "height" of the main peaks is (20 log n) decibels
above the continuous spectrum level of a single pulse; thus, thepeak power spectrum level of a series of 10 pulses is 20 dbabove the level of a single one. As the number of pulsesincreases the main peaks (at the repetition frequency and its
harmonics$ become narrower and narrower while their amplitude
gets greater and greater; for an infinite n the energy spectrum
is that of a single pulse plus line components of infinite
height.

3. For approximate purposes it is adequate to separate the twoterms in the product for the power spectrum, and write

-i-ci.W + - i W
This separation is strictly correct only when the second term is
either all real or all imaginary; this is generally true at the
peaks and troughs of the spectrum. If we make this separation,
we see that the effect of repetition of pulses is to add.db-wise, a "correction" term to the continuous spectrum of a
single pulse, given by the first term.

4. This "correction" term in decibels is plotted on the
attached graphs for pulse trains of 2, 3, 4 and 10 pulses.
(Figures 2 and 3)

9C 0 NT 1DEN I Al
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Also. Figure 4 shows the general nature -f this term for

large n.

5. The prgctical use of a train of pulses in EER woulo include

a narrow receiving filter band centered about the repetition

frequency or about one of its harmonics. The spectral energy

density at this frequency would be that for a sinQle pulse (the

Weston-Hersey curves if) the case of explosive pulies) plus

20 log n. The filt*r band necessary to "accommodate" the main

spectral peak would have a width of I I -ycles per second.
n
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III

ECHO TO REVERBERATION RATIOS IN EER

1. The problem is to formulate some useful expressions for the
ratio of echo level to the level of surface reverberation for
explosive sound sources. The problem is important in EER sys-
tems using a deep charge and a deep hydrophone, where the sea
surface is insonified at a relatively large grazing angle.
Uhder these conditions, the back-scattered return from the sur-
face is relatively large, and the echo from an adjacent sub-
marine target tends to be buried in the reverberation which
arises from the sea surface immediately overhead.

2. The problem of EER echo-to-reverberation ratio has recently
received attention by A. D. Voorhis in an article in the Journal
of Underwater!Acoustics for January '961 (reference (a)). His
treatment of the problem is unnecessarily complicated. Moreover,
he fails to use published measured data on the sea surface
scattering coefficients, and relies instead on a mathematical
description of the form of the sea surface. The answers he
obtains appear to be erroneous, and are excessively optimistic
as to the echo-to-reverberation ratios to be expected at long
ranges.

3. We will here adopt the approach taken in NAVWEPS 7384
(reference (b)), and utilize certain back-scattering coeffi-
cients already appearing in the literature (reference (c)). It
will turn out that, for submarine targets, the echo stands out
above reverberation in a deep non-directional system only when
the sea surface is relatively smooth - that is. for low sea
states, say, sea state I or 2. At higher sea states, the echo
will tend to be lost in the reverberation background.

4. It Is shown in reference (b) (page 18) that the reverbera-
tion spectrum level from a nearly plane surface like the s-a
surface or sea bottom is, on the assumption of straight-line
paths, and with a nor-directional source and receiver,

RLa E S s - 30 log r - 2ar 4 10 log Vc

where E is the spectrum level of the charge; S. is the surface
Acatteriri? strength; r is the slant range between the charge-
receiver ?assumed adjacent to each other) and the surface; a is
an absorption coefficient, and c is the velocity of sound in
units of r per unit time. Neglecting absorption (the term 2ar)
and replacing 10 log 7rc by 37 db (r is in yards), we have

RL - Eo 4 Ss - 30 log r * 37

''4 ' 7 1i IAI
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It is alsc shown in reference (b) (page 22) that the echo

level is

EL aE 4, - 10 log t + T - 40 log r

where t is the duration of the echo and T is the target strength.
The echo-to-reverberstion ratio is then, in db,

EL - RL a T - 10 log t - Se - 10 log r - 37.

5. For a beam aspect submarine target, we will assume T a 25 db,
t a .030 sec., to that T - 10 log t - 25 + 15 * 40 db. At the
other extreme, we will take a bow-stern aspect submarine having
values of T and t that approach the beam-aspect case as the
target approaches the zenith-point over the chasrgo-hydrophone.
For the bow-stern aspect target. we will adopt the following
values-

Glazing Angle T
15 0 12 db .10 sec
300 1' .08

4 16 .07
6010 is .06
7450 20 .05

t. The quantity Ss has been measured at kilocyple frequencies
in connection with torpedo homing applications. Values at 60 kc
have been published (reference Wc); unfortunately, there Is no
data at lower frequencies.* The 60 kc coefficients show no fall-
ing ott with decrtasinq grazing anal# below about 300 in moder-
ate and high sea states. This Is a peculiarity attributed to a
Idyer cf air bubble& just below the surface. Values of Sg as
read from curves in reference (t) aA* used In the following
(Co~puat ions.

1, tsng the%"' v~Iues. 4nd with the above assumptions of T and
'curvo-t of FL-PL are olve.n In flourps 15 and 6 for the beam

aspec! and the tow-strrn asrrct si~uation.

S. figure 5 indic~tos that, for a sourrce-receiver at a depth~ ef
i.ooo f-e, a beam~-aspect tara.'t lying beyond 4000 yards will
produce an echo lust equal to the surface reverberation (ELeHL)
at a wind speed of 11 knots. Inside of this range the echo will
te rapidly lost In sloface reverberation. Similarly. Flourt 6
ilsdicate5 that a boa-stern asp~ect tAroet will be otscurtd In
rvort-eratlon when the wind %peed rcptds about 6 knots. 7he
steeply Iskopinq lines In liqure t are the cotrereal'
raispeitdb Voorhis In reference (a;.

*In tho work f rtfoernct W) ossei'tlallv Identical values were
fo ued a t 744 kc a S at 60 k c
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9. However, an EEK echo wil be ceiected when its level lies
below that of the reverberation. A mpt..utj of predirting the
detection threshold for a simple envei.pe detector is given in
reference (d). The dashed lines in Figures 5 and 6 show the
echo-to-rtverberation ratio required for detection for a square
law detector preceded by a filter of bandwioth 2000 cps. The
difference between these lines a,)d zeri .s the detection thresh-
old. For the bow-steri aspect case. the litne slopes slightly to
the right, reflecting the faft that the echo duration t and
therefore the detection threshold change with rangc. The
maximur tolerable wind s. ed for taret oatection is 14 knots
for beam aspects, and 9 knots bow-stern aspects, at horizontal
ranges butween 4000 and 12,00U yards.

10. These predictions were made on the tasis if 60 kc scatter-
ing data. At lower frequencies somewhat better performance
should be had because the sea surface is probably a poorer back-
scatterer of sound at lower frequencies. How much %imalet the
coefficients are at lower frequencies is a matter requiring
field measurement.
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IV

THE REVERBERATION PROBLEM IN DEEP JULIE

1. In the Deep JULIE System, the charge and the sonobuoy hydro-
phones are placed at depths near 12.000 feet. so as to take
advantage of the so-called Reliable Acoustic Path between a deep
transducer and a near-surface target. Ray diagrams show that a
near-surface target will lie in the direct sound field of the
source out to rangs of 30,000 yards or more, and that there
will be a direct path between source and target, and return, out
to long ranges. nfortunately. hwever, there is also a direct
path to and from the near-surfac. scatterers in the vicinity of
the target; these scatterers give rise to the background of
reverberation in which the target echo must be detected. This
reverberation background arises from, or near, the sea surface
at the same range as the target, and can be discriminated
against only by incorporating horizontal directionality into the
system.

2. This backnround is identical in nature to that whict is
troublesome in acoustic mine-hunting for bottom mines, and in
the radar detection of snorkel heads and periscopes. Iii these
applications extreme directivity in the horizontal plane is
required in order to reduce the background of clutter surround-
ing the echo. But, in addition, the deep JULIE system is also
hindered by the presence of sea bottom, which along with the
surface, gives rise to reverberation occureing along near
vertical paths; such reverberation can be relatively easily
reduced by vertical directivity in the source or hydrophone or
(probably) both.

3. Our problem is concerned with estimating the magnitude,
relative to the echo. of the first form of reverberation. If
the near-vertical background can be reduced to insignificAnce by
the use of a line hydrophone and chare, will the remaining
reverberation prevent detection of the echo? If so, the only
recourse for further appreciable system improvement is to incor-
porate multiple preformed beams in the horizontal plane, with
their required hydrophone and electronic complexities.

4. The nature of the problem may best be appreciated through
Figure 7. This show; diagramatically the reverberation
observed with a non-directional charge and hydrophone near the
deep sea bed. Field tests have shown that submarine targets are
detectable only with difficulty with this non-directional system.
The reverberation background consists of repeated bottom-surface
scattered returns A. A' A" etc. which obscure a long-range
target, but which can be taken care of through the use of a

14
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reasonable amount of vertical directior lity in the explosive
source and the hydrophone. However, there will still remain the
direct-path surface reverberation, A-B, that cannot be reduced
relative to the echo by vertical directionality.

5 In Section III a method was given for predicting the level of
this reverberation background relative to the echo, based upon
computations using surface scattering coefficients measured at
25 and 60 kc. The results indicated that, even if the near
vertical returns are removed completely. the remaining direct-
path surface reverberation will prevent echo detection in all
but calm seas.

6. This conclusion is questionable because of the use of
25-60 kc data for a system operating near 2 kc. Recently, new
measurements of low frequency sea-surface scattering coefficients
by R. P. Chapman at Naval Research Establishment, Halifax have
come to light.* The data for three wind speeds at the frequen-
cies of direct intcrest to Deep JULIE are summarized in Figure 8
for the two octaves 000-1600 cps and 1600-3200 cps.

7. With these coefficients, the predicted echo-to-reverberation
ratios are plotted in Figure 9 for beam-on and end-on target
aspects. The detrtion limit given in these figures is that of
the optimum Jetector and a well trained alert observer, at the
50% detection level with 5% false alarms. From Figure 9 it will
be seen that beam aspect submarines should be detectable by the
optimum detector-observer combination at all wind speeds up to
about 30 knots at ranges beyond about 6000 yds. A bow-stern
target should be detected at wind speeds only up to 12 knots.
If we allow 5 db for the failure to realize the optimum detector
and observer, the corresponding wind speed limits of detecta-
bility become 20-25 knots and 7-10 knots for the two cases.

8. In order to see what this means in terms of the wind speeds
occurring in the North Atdntic, the distribution of wind speeds
averaged ovor all seasons of the year for the Atlantic Ocean
between latitudes 40ON and 600N, together with data for the
months of February and August, is plotted in the upper part of
Figure 10. inese curves were derived from data in reference (e).
Combining the distribution cudrve for all seasons of the year
with the range prediction curves of the previous fioure, we
obtain curves of percentage of targets detectable against the
direct-path surld4.e reverberation background. These curves are
plotted in the lower part of Floure 10.

*A paper on !he subject "Surface Reverberation from Explosive
Sound Sourc-s" was present,-d at the 19th SymposiAn on Under-
w3t,'r Acoustics, :;ovr'mbrr P11-i.
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9. The results of this analysis may be summarized as follows:

a. If sufficient vertical dirertivity is incorporated in
D3ep JULIE to reduce the near-vertical bottom-surface return to
insignificance, then submarines will be detected in the North

. Atlantic at horizontal ranges beyond 10,000 yards between 10%
and about 70% of the time. depending on target aspect. This
estimate of range performance applies only if (1) the bottom-
surface bounces are completely eliminated and 2) ambient or
other noise sources are made negligible. A random-aspect
target at a given range should be detected a fraction of the
time about half-way between the two limiting curves of Figure 10.

b. Further improvement wll require horizontal direction-
ality. Ten 360 beams would improve the echo-to-reverberation
ratio by 10 db, and raise the detection percentages to essen-
tially 100% for beam targets and to 50-70% for end-on targets
beyond 8000 yds.

c. Target detectability becomes worse at shorter ranges
because of the increased return from the sea surface immediately
over the charge-hydrophone.

d. Target detectability improves with range out to extreme
ranges, in spite of the fact that increasing areas of surface
act to send back reverberation as the range is increased. This
is due to the fact that the back-scattering coefficient of the
sea surface, according to the new data, falls rapidly as the
grazing angle is diminished. At extreme ranges ambient noise
may well become the dominant background, but can be overcome by
increasing the charge size.

10. These predictions are based on yet-unpubliched surface
scattering coefficients. Verification is required from addi-
tional scattering ccefficient measurements now being obtained by
the Martin Company and Daystrom, Incorporated, and from field
results with vertically directional Deep JULIE equipment.

CONY ILENT IAL
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V

DEPTH SETTINGS FOR EER CHARGES

1. The problem to be considered is that of the optimum charge
depth for JULIE detection In deep water. In particular, it is
addressed to the problem of how to choose, from a sound trans-
mission standpoint, between charge depths of 60, 300 and
800 feet, and to the conditions of layer depth and target depth
under which each depth is optimum. This problem is of current
interest in connection with proposed modifications of charge
depth settings, and with the formulation of operational doctrine
concerning the selection of charge and sonobuoy depths for JULIE.

2. The problem may be stated in the following way: given a
knowledge of sound transmission conditions - in particular,
layer depth and sea state - and a guess as to the likely depth
of the target as being above or below the layer, is a charge
depth of 60 feet, 300 or 800 feet preferable in terms or best
sound transmission conditions?

3. This question can be answered by means of the computer
synopsis of the AMOS sound transmission data of reference (f),
in which the transmission loss is given as a function of range
for various frequencies, source depths, receiver depths, and
layer depths, based upon the well-known AMOS program of about
ten years ago. This data is, at the present time, the best
available source of transmission loss information for the condi-
tions to which it applies. From reference (f), at a f ?quency
of 2 kc, the range at which the transmission loss is Cj db was
read off for various combinations of source, target and layer
depths.

4. The results are shown in Figure 11. The upper portion of
this figure shows range (for 80 db loss) plotted against layer
depth for source depths of 60, 300 ,nd 800 feet. The target was
assumed alerted, and therefore to lie below the layer between
the depth limits of 50 and 375 feet; the target depth assumed
for each plotted point is shown alongside the horizontal scale.
The lower part of the figure is similar, except that the target
is unalerted and is assumed to be at a depth of 50 feet.

5. From Figure !., the following conclusions may be drawn:

a. For an alerted tarqet hiding below the layer, the
800 foot source is always preferable to one at 60 or 300 feet.
The improvement in range will be substantiai if a thin 1dyer
exists, but will be less marked for iayers greater than 100 feet
in thickness.

CC ,F ID i , N .LA.
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b. For an Menlllted (S.9, snolkellint-tage at a depth

Of 50 feet, the 800 foot charge wll continue to be preferable
as long as the layer is less than 100 feet in thickness. But
Zor thicker layers, the shallow (60 ft) charge will be prefer-
able although under these conditions its advantage in trans-
mission loss may be counter balanced by increased reverberation.
The 800 foot source has the additional advantage of giving a
range performance nearly independent of layer depth and target
depth; the range for an 80 db transmission loss lies between
5000 and 7000 yards for all conditions considered here.

6. The next step is to consider the occurrence of layer depths
in the open ocean. A study of layer depth occurrence in the
North Atlantic between latitudes 40N and 60N indicates that
layers less than 100 feet thick occur 34% of the time on a year-
round basis; 100 to 400 feet layers occur 59% of the time;
layers greater than 400 feet in thickness occur 7% of the time.
For these three groups of layer depths, Table IV shows the pre-
ferred charge depth (as between 60, 300 and 800 feet) for an
unalerted and an alerted target.

7. A strong word of caution is necessary. The above conclu-
sions are based on AMO transmission data for sea states less
than 3; such calm seas hardly prevail in the North Atleatic.
However, high sea states are normally associated with thick
mixed layers, and their effect on sound transmission should be
smali out to JULIE ranges. A more serious restriction is that
we have not considered reverberation as a function of source
depth, tince reverberation data of this kind is lacking.
Sinking times have not been considered. All these factozr
would have to be considered in a complete analysis. Thus, the
conclusions arrived at here are meant to be merely suggestive,
and are based upon only one of the factors on which echo dura-
tion depends.

8. Within the limitations suggested in the preceding paragraph,
the following recommendations are made:

(1) Replace the 300 foot charge setting by 800 feet, if the
increased sinking time is permissible.

(2) Retain 60 feet for use aQainst an unalerted target when
the mixed layer is 150 feet or more in thickness.

(3) Obtain qua,-titative data on a calibrated db basis to
check these recommendations, which are based on calm-sea trans-
mission data alone. Reverberation data is particularly needed
for various source depths, and ,cho and reverberation data is
needed in rough seas.
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TABLE IV

BEST CHOICE OF SOURCE DEPTH FOR

SOUMD TRANSMISSION TO AN tUALERTED

AND ALERTED SUBMARINE

Percenta ge Occurrence Target Target
in N. Atlantic, Unalerted Alerted

Lae LLts 42-60N 5[0 fj (below liver)

Thin
(les than 34% 800 ft 800 ft
100 ft)

Aedium 800 ft or
(100 ft to 59% 60 ft 60 fto
400 ft)

Thick
(meator tuan 7 60 ft 60 ft eI 40 ft)

* Little difference betwee - the twi.

** Target cannot go eppreciably beiow layer because of depth
restriction.



CONFIULN! 11AL
NOLTR 61-176

it r"VI

EXPLOSIVE SOuME LEVELS REQURED FOR ELOSIVE ECHO ANING

1. As replacements for, and improvements upon, the customary
TNT-type explosives employed in EER, varLous new and novel sound
sources have been, and are being investigated. These unusual
sound sources, such as the underwater spark, arc usually aimed
at overcoming the principal drawback of explosive charges:
repeatability. However, in so doing, it has been suspected that
they will fall far short of %hat is needed, energy.-wise, for EER
detection, and that they would be too weak to provide a detect-
able EER echo if used in the field against a submarine target.

2. This short report presents a method for finding this minimum
energy level required fo± an effective EER source. A curve will
be given for this minimum level as a function of range, and the
levels of a number of experimental sources, as well as TNT
charges, will be compared with these minimum levels.

3. The starting point is the generalized sonar equation in
terms of the acoustic energy of the source. This equation is

E0 - 10 log t + T - 2H- N + DT - DI

This equality states that the average intensity of the echo,
given on the left, equals the masking level of the noise back-
around. Eo is the energy spectrum level of the source on its
axis. n db zelative to that of a plane wave of pressure 1 dyne
per cmi taken over a period of I second; t is the echo duration
in seconds; T the long-pulse CW target strength; H is the long-
pulse CW transmission loss; N. the background noise intensity
level in db relative to that of a plane wave of pressure 1 dyne
per cm ; DT, the detection threshold, or signal-to-noise ratio
needed for detection; and DI the directivity index of the
receiving hydrophone against the prevAiling noise backgroind.
An equation of identical form applies if the background is a
reverberationrinstead of noise.

4. In computing a value for EW, we will make the following
assumptions:

a. The background in which the echo is detected is deep sea
ambient noise, sea state 3. If reverbezation, rather than
ambient noise iis limiting, the range for a 7iven vajue of Eo
will be less than that found for ambient no-.se. At 2 kc,
N * -41 db.

*2 'NF IDE:NTIAt.
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b. The propagation conditions are oxcellent. Specifically,
Opherical spreading (H a 20 log r) without absorption will be
assumed. This simple cssumption is always an optimistic, or
favorable, one for transmission loss, except at very long ranges
wher ducting and convergence zone effects make their appearance,
but which are of no concern to EER.

c. The other parameters have the following values:

t w .08 sec; 10 log t = - 11 db
T u +15 db
frequency a 2kc
DT a 5 log AL a -8 db if d a 3, the ROC Curve param-

eter for 50U% detection with 5% false alarms, and
W a 2 kc, approximately the JULIE bandwidth.
DI a 0, nondirectional receiving hydrophone.

5. Solving the sonar equation for Eo with the above values for
the various parameters, we obtain the source level required for
detection as a function of range. This curve is the lower curve
shovn in Figure 12, which is that for an optimum detector having
the above value of detection threshold (-8 db). The upper.
parallel curve is for DT - 0, allowing 8 db for observer loss
and for mismatch between the integration time of the detector
output average: and the echo length. This represents a more
realfstfc view of what can be done in tho field with echoes of
uncertain duration.

6. The ordinate of Figure 12 is the 2 kc energy density spectrum
level required for detection at a given range. For an exponen-
tial pulse of ti" constant t o , this level is related to the
peak pressure of the pulse by

2Po2

Eo  = 10 log ... .
1/to2 + 41Tf 2

where Po is the peak pressure (in dynes/cm2 at I yd) and f is
the frequency. At 2 kc, the term 1/to2 may be neglected if
to > 10- 4 sec: if this is the case, then Eo becomes independent
of to. Figure 12 gives a scale of 10 log Po2 along side that for
Eo for to > 10-4 :zc.

7. On the right hand side of Figurp i2 are plotted the energy
levels for various charge weights of TNT, and the pressure
levels for a number of other types of sound sources foz which
peak pressures have been reported. The levelsfor TT are based

CONF I DENT 1AL
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on measurements mode at 100 yard~s and "ieduced" tn 1 yard
through assuming spherical spreading. The ,-.ak pressures for
TNT are therefore somewhat lower than the peak prcssures actually
mesured it 1 yard. The smaller charge sizes are plotted accord-
Ing to the energy siectrum level rather than according to peak
pressure, so as to allow for the unknown decreasing value of to
%below 100 its) for smaller charges.

8. The various sources shown on the right are plotted according
to peak pressure, which is all that is usually given in the
literature. In making the comparison it is assumed that these
sources produce a pressure variation, with time, of exponential
form, having an infinitely sharp rise followed by an exponen-
tially decaying tail of time constant greater than 10-4 sec. If
the rise of pressure with time is not as sharp as that from a
high explosive, or if the time constant is shorter than 10-4 sec,
the various levels will fall. lower in the vertical scale of Eo*.
Again, the difficulty stems from the fact that the energy
density spectrum (Eo) is nev.r reported in the literature.

9. It will be observed from the figure that, with the possible
exception of the strongest spark source, (requiring a tremendous
condenser bank charged to a very high voltage) the various
sources listed are the equivalent, energy-wise, of no more tha,,
a tiny charge of TNT. They will not produce an EER echo at
ranges greater than 2000 yds, even under the ideal conditions
assumed. From this analysis we may conclude the following:

a. For EER under good-to-excellent conditions (ambient
noise background, spherical sound transmission), the smallest
charge of TNT (or tetryl) that will gMva a detectable echo out
to the first bottom in deep water is about 1/10 lb (1.6 oz).
Larger charge sizes will be needed under normal reverberation
and transmission conditions. Smaller charges will suffice under
these conditionsff directyv1 (DI > 0) is introduced into the
system. Table V gives, for convenience, the charge weights of
various underwater sound signals in fleet use at the present
time.

b. All novel and experimental sound tources so far devel-
oped are useless for EER in that they do not generate sufficient
energy at useful frequencies (e.g. 2kc). While these sources
may have naval interest for fathometry, mine sweeping, or under-
water communication, they will nct produce detectable EER echoes
at ranges beyond abo-J a mile.

*Eo is the proper basis for range predirtio-. rather than peak
pressure.
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c. The analysis has bee, tacitly restricted to sources pro-
ducing explosive-like acoustic wsveform*. Sources which generate
a quasi-sinutoidal pulse through explosive resonant excitation
(of, say, a cavity) will not be appreciably better in EER per-
formance to the initial explosive source alone, since basically
the comparison of parfoImance rests on the energy content of the
echo regardless of wavefors. The broad subject of obtaining a
generalized figure-of-merit that will permit comparison of
sources of radically different types (e.g. sonar ping* vs explo-
sions), for reverberation as wellas noise background, is being
studied.

~Ot ;DENTIA'
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TABLE V

CHARGE WEIGHTS FOR VARIOUS UNDERATER SOMD SIGNALS

Mk 15 Mod I (Practice) 2.0 ox Tetryl

Mk50 Mod 0 1.8 lbs TNT*

Mk 5C Mod ) 2.9 ox Tetryl

Nk 50 Mod 2 1.1 ox Tetryl

Nk 54 Mod 0 1.6 lbs TNT*

Mk 63 Mod 0 1.1 0s Tetryl

k 57 Mod 0 1.S Tbs TNT*

Mk 61 lod 0 1.S Ibs TNT*

Uk 64 Mod 0 1.1 oa Tetryl

*Signals with 1.8 lbs TNT contain, In
addition, a 1.1 ox tetryl booster.

Reference: 0Signals. Underuter SoMd,
for EER' NAVWEPS 2962,
15 Sep 1961

,4
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APPEMDZX A

The general transfoz function is

for a series of n pulses, each of the fozu. f(t) e e we have

e f*kr-A r-T) _.4T. I-A
ver T Is the Interval between pulses.

£ r &r 4~. R T 4s*+-r (~T H* A.)T
L +e e
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LEGE FOR FIGUE 12

A: Uhderwter Spark

A' 1/2 gap: 750 p.f, 20 kv. Reference(g
A" 1/2" gap. 30 pf. 15 kv. Reference

A"t ...- 60 f, 15 kv. Reference(1k

B% Mechanical jmpqct Source, viOI Mod 1. Reference (g)

C: Exploding Bridge Wire (EMW). Reference (g)

C' : 6" length. 25 of, 10 xv
C" 1 /4" length, 12 ief. 2.8 kv

Dt Pneumatic Sound Source. References (h) and (k)

F: Hydrogen * Oxygen Explodex

E' : Volume: 2 liters. Reference (1)

E" : Volume: 3.6 liters. References I) and ()
E"1: Volume: 0.1 liter. Rofaronr. (a

F: Propex Explosive NoIsemaker (Propane ad oxygen mixture)

References (n) and (o).
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